Background: Intraventricular haemorrhage (IVH) patients with acute obstructive hydrocephalus (AOH) who require external ventricular drainage (EVD) are at high risk for poor outcomes. Intraventricular fibrinolysis (IVF) with low-dose recombinant tissue plasminogen activator (rtPA) can be used to improve patient outcomes. Here, we evaluated the impact of IVF on the risk of death and the functional outcomes in IVH patients with AOH. Methods: This prospective cohort study included IVH patients with hypertensive intracranial haemorrhage complicated by AOH who required EVD. We evaluated the risk of death and the functional outcomes at 1 and 3 months, with a specific focus on the impact of combined EVD with IVF by low-dose rtPA. Results: Between November 30, 2011 and December 30, 2014, 80 patients were included. Forty-five patients were treated with EVD alone (EVD group) and 35 received IVF (EVD+IVF group). The 30-and 90-day mortality rates were lower in the EVD+IVF group than in the EVD group (42.2 vs. 11.4%, p = 0.003, and 62.2 vs. 20%, p < 0.001, respectively). The Graeb scores were significantly lower in the EVD+IVF group than in the EVD group (p ≤ 0.001) during the first 3 days and on day 7 after assignment. The 30-day good functional outcome (modified Rankin Scale [mRS] score 0-3) was also higher in the EVD+IVF group than in the EVD group (6.7 vs. 28.6%, p = 0.008). However, the 90-day good functional outcome (mRS score 0-3) did not significantly increase in the EVD+IVF group (30.8% in the EVD group vs. 51.6% in the EVD+IVF group, p = 0.112). Conclusions: In our prospective observational study, EVD+IVF was associated with a lower risk of death in IVH patients. EVD+IVF improved the chance of having a good functional outcome at 1 month; however, this result was no longer observed at 3 months.
Effectiveness of Combined External

Introduction
Intraventricular haemorrhage (IVH) is a complication in 42% of intracerebral haemorrhage (ICH) cases and an independent risk factor for mortality and poor functional outcomes [1] . Acute obstructive hydrocephalus (AOH) following IVH potentially induces elevation of intracranial pressure (ICP), which increases the risk of death [2] . AOH can be controlled thanks to the insertion of an external ventricular drainage (EVD); however, the risk of death remains high. Injection of a fibrinolytic agent through the EVD, a treatment named intraventricular fibrinolysis (IVF), is known to facilitate removal of blood from the ventricles with a good safety profile [3, 4] . In the recently published CLEAR III trial [4] , IVF decreased the risk of death of patients with severe IVH but did not improve functional outcomes. However, some hope still exists concerning the use of IVF in IVH patients, especially for patients with the most severe IVH and for those with rapid clot removal. In the present cohort, we report our experience with IVH in patients who have severe IVH related to spontaneous ICH.
Methods
Study Design and Sites
This study was a prospective cohort study that included all patients with severe IVH requiring EVD. Our primary goal was to evaluate the impact of IVF with low-dose recombinant tissue plasminogen activator (rtPA). This study was purely observational, and no randomization was performed. The decision to inject rtPA was at the discretion of the physician in charge of the patients and the availability of the medication, which depended on the financial situation (either insurance or patient self-pay). Recruitment occurred between Participants All patients had a clinical diagnosis of IVH with AOH related to a spontaneous supratentorial ICH that was not related to a macrovascular malformation and required EVD.
The inclusion criteria were as follows: patients aged 18-80 years with known symptom onset within 24 h of the initial computed tomography (CT) scan confirming IVH and 3rd or 4th ventricle obstruction; a supratentorial ICH volume ≤30 mL as measured by the ABC/2 method; clot stability (no measured expansion > 5 mL) on a repeat CT scan at least 6 h after EVD placement; systolic blood pressure < 200 mm Hg sustained for 6 hours; assignment to each group within 72 h of the CT scan diagnosing IVH; and a modified Rankin Scale (mRS) score of 0 or 1 before ICH.
The exclusion criteria were as follows: pregnancy; infratentorial ICH; suspicion or confirmation of a macroscopic vascular anomaly; ongoing coagulopathy; ongoing internal bleeding; multifocal, superficial bleeding observed at multiple vascular puncture and access sites or the site of a recent surgical intervention; a platelet count < 100,000/µL; an international normalized ratio > 1.4; and any other condition that would pose a significant hazard to the participants if the investigational therapy was initiated.
Treatment and Procedures
All patients were managed following the institutional protocol for the treatment of spontaneous ICH [5] as follows: early airway secured by endotracheal intubation if Glasgow Coma Scale (GCS) score ≤8; proper sedation; mechanical ventilation; pharmacological treatment of cerebral oedema/mass effect (i.v. mannitol 20% or hypertonic saline 7.5% administration); and ICP monitoring. The cerebrospinal fluid (CSF) drainage system was kept open for drainage with a pressure level of ≥5 cm H 2 O; ICP was measured at least every 4 h with the CSF drainage system closed for at least 15 min. The patient was treated if the ICP increased to > 20 mm Hg for > 5 min without any stimulation. In this case, standard emergency intensive care unit (ICU) measures for ICP control were taken, such as the following: (1) i.v. mannitol 20% or hypertonic saline 7.5% administration, proper sedation or hyperventilation only in mechanically ventilated patients; (2) if the ICP remained elevated after these measures, the protocol mandated early unclamping of the EVD and CSF drainage; and (3) if the ICP remained elevated, an emergent CT scan of the head was performed to exclude haemorrhagic complications. Blood pressure was monitored continuously using intra-arterial catheters and was treated when the mean arterial blood pressure exceeded 130 mm Hg.
The patients received either EVD alone (EVD group) or treatment with combined EVD and IVF by low-dose rtPA (Actilyse ® ) (EVD+IVF group). A Camino ® (Integra TM , Plainsboro, NJ, USA) Ventricular Bolt catheter was placed in the frontal horn of the lateral ventricle with the least IVH bleeding. The proper EVD position was confirmed by a CT scan. Patients in both groups received the same ICU treatment according to an institutional protocol for ICH management [5] . Actilyse ® was supplied by Boehringer Ingelheim (Germany). Patients received up to nine doses that were 8 h apart, and each dose was of 1 mg/mL of Actilyse ® . Treatment continued for up to nine doses of alteplase unless the EVD was discontinued or an endpoint of clot lysis was reached (e.g., both the third and fourth ventricles were open, the IVH-related mass effect was resolved, or a Graeb score [6] of ≤4 was reached); treatment was also discontinued if an adverse treatment endpoint occurred (e.g., symptomatic bleeding, infection, or death). The EVD was removed after 24 h of weaning. If the weaning failed, an internal shunt was inserted.
Variables
Data were collected for each patient, including: age; sex; risk factors of intracranial haemorrhage; initial GCS score; mRS scores ranging from 0 (no disability) to 6 (death) [7] [8] [9] ; Glasgow Outcome Scale (GOS) scores ranging from 1 (death) to 5 (good recovery) [10] ; platelet count and international normalized ratio; ICH volume as calculated by the ABC/2 method; Evans ratio as measured by dividing the maximal width of the frontal horns by the maximal width of the inner table of the cranium at the level of the frontal horns; Graeb score [6] ; ICH clot location; and times from symptom onset to hospital arrival, EVD placement, and group assignment. We also recorded ICP. Follow-up CT scans were performed daily to monitor asymptomatic bleeding and to measure clot resolution (indirectly assessed by the Graeb score) during the first 3 days. A CT/magnetic resonance imaging (MRI) scan was also obtained 1 week, 1 month, and 3 months after enrolment.
Bacterial ventriculitis was defined as a positive culture or, in the absence of a positive culture, > 50% polymorphonuclear leukocytes in the CSF count with a minimum of 50 cells counted or CSF glucose < 15 mg/100 mL (0.825 mmol/L) [11] . Catheter occlusion was defined as non-patent EVD requiring irrigation.
Functional outcome assessment was performed by a certified examiner. The CT/MRI criterion used to define chronic hydrocephalus was marked symmetrical dilatation of the ventricles with an Evans ratio of at least 0.3 [12] . The participants had clinic visits on days 30 and 90 or phone contacts on day 90 after enrolment for the mRS and GOS assessments and evaluation of chronic hydrocephalus.
Data Analysis
Endpoints. The primary efficacy endpoint was mortality for all IVH patients with AOH requiring EVD. We also examined numerous secondary clinical endpoints (i.e., functional outcomes and complications).
Statistical Analyses. The data for each study patient were recorded from the same unified samples. The collected data were processed and analysed with R version 3.3 or higher (R Foundation for Statistical Computing, Vienna, Austria). The differences in mortality between the two groups were tested with Pearson's χ 2 algorithm. For the planned primary outcome analyses, we used the Kaplan-Meier time-to-event analysis to estimate the survival functions and the log-rank test to compare survival by treatment groups; Cox (proportional hazards) regression of association between mortality and potential determinants was also used, of which backward elimination was used to select variables. Linear regression was performed to find relationships between changes in the Graeb score and the functional outcomes (mRS). The values of the algorithms were considered statistically significant if the p value was < 0.05.
Results
Patient Characteristics
Eighty patients were included ( Fig. 1) , of whom 45 were treated with EVD alone (EVD group) and 35 with IVF (EVD+IVF group). Fifty-six patients (70%) were men, the mean age was 57.1 ± 12.6 years, the mean GCS score was 8 (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , and the mean Graeb score was 9 (6-12). Then, we compared the patients in the EVD and EVD+IVF groups. All baseline variables shown in Table 1 were distributed evenly across the treatment groups. No significant difference between the EVD and EVD+IVF groups was found for the GCS score (7 [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] vs. 8 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , respectively, p = 0.062), systolic blood pressure (170.7 ± 31.1 vs. 167.7 ± 29.3 mm Hg, respectively, p = 0.667), and the Graeb score (9 [6] [7] [8] [9] [10] [11] [12] vs. 8 [6] [7] [8] [9] [10] [11] [12] , respectively, p = 0.863) upon admission. (Fig. 2) . Examination of the five potential determinants of mortality (baseline GCS score, baseline Graeb score, alteplase, first-day closed ICP, and initial ICH volume) revealed that only alteplase (defined as the number of 1 mg/mL alteplase doses) and first-day closed ICP (defined as the ICP measured after the CSF drainage system had been closed for at least 15 min on the first day after assignment) were significantly associated with mortality (Table 3) . While each additional 1 mg dose of alteplase was associated with a 29.1% decrease in mortality risk (hazard ratio = 0.709 [95% confidence interval 0.536-0.938], p = 0.016), each 1 mm Hg increase in first-day closed ICP was associated with a 1.034-fold increase in mortality risk (hazard ratio = 1.034 [95% confidence interval 1.016-1.053], p < 0.001). Though the effect size for firstday closed ICP was modest (hazard ratio = 1.034), its association with mortality risk was highly significant (p < 0.001). A total of 26/80 (32.5%) patients were in grave condition or dying and were released to die at home, as requested by their family members. All of the patients who received "discharged to die" decisions were classified with an mRS score of 5 (severe disability) at the time of discharge; 17 of the patients died on the day of discharge or within 30 days of discharge (the other 8 died between 30 and 90 days of discharge), and a significant difference in "discharged to die" was found between the EVD and EVD+IVF groups Values are expressed as n (%) or median [interquartile range]. Intracranial rebleeding was defined as combined intracerebral haemorrhage and intraventricular haemorrhage rebleeding; "discharged to die" defines patients who were in grave condition or dying and were released to die at home, as requested by their family members. CT, computed tomography; EVD, external ventricular drainage; ICU, intensive care unit; IVF, intraventricular fibrinolysis; MRI, magnetic resonance imaging; mRS, modified Rankin Scale. a Fisher's exact test (one-sided). Clot Removal and Catheter Management. Ventricular blood was removed faster in the EVD+IVF group than in the EVD group (p ≤ 0.001) (Fig. 3) . Examination of the relationship between the change in the Graeb score (defined as the difference between the two Graeb scores obtained at admission and on day 3) and the functional outcome (30-day mRS score) revealed that each 5-point increase in the change in the Graeb score was significantly associated with a 0.710-point increase in the 30-day mRS score (coefficient 0.710, 95% confidence interval 0.137-1.283, p = 0.016); thus, less IVH clot removal may result in poorer functional outcome (online suppl. Table A20 ; for all online suppl. material, see www. karger.com/doi/10.1159/000501530). No significant difference was found in the time from ictus to hospital arrival between the two groups (4 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] h in the EVD group vs. 6 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] h in the EVD+IVF group, p = 0.188) ( Table 1 ). The time from ictus to EVD placement was similar between the groups (10 [2-23] h in the EVD group vs. 10 h in the EVD+IVF group, p = 0.680) ( Table 1) . Most patients were assigned within 36 h of ictus (online suppl. Table A2 ), and the time from ictus to the first IVF dose among the patients receiving IVF was 23 (18-40) h (Table 1) . No patients were treated with bilateral EVD. EVD duration was significantly shorter in the EVD group (5 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] days) than in the EVD+IVF group (7 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] days) (p = 0.018). However, no significant difference was found in the EVD duration among patients who survived 30 days between the two groups (7 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] days in the EVD group vs. 7 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] days in the EVD+IVF group, p = 0.956). The EVD group had a significantly shorter emergency ICU length of stay (8 [2-54] days) than the EVD+IVF group (14 [2-53] days) (p = 0.002), but no significant difference was observed in the emergency ICU length of stay among the patients who survived 30 days between the two groups (14 days in the EVD group vs. 17 days in the EVD+IVF group, p = 0.058) ( Table 2 ). A significant difference was found in chronic hydrocephalus between the two groups (3/45 [6.7%] patients in the EVD group vs. 10/35 [28.6%] patients in the EVD+IVF group, p = 0.036) ( Table 2) .
E X T R A
Complications. Intracranial rebleeding and catheter tract bleeding were observed in 5/45 (11.1%) and 1/45 (2.2%) patients, respectively, in the EVD group, and both outcomes occurred in 2/35 (5.7%) patients in the EVD+IVF group. Ventriculitis was diagnosed in 4/45 (8.9%) patients in the EVD group and 3/35 (8.6%) patients in the EVD+IVF group. Catheter occlusion was also observed in 8/45 (17.8%) patients in the EVD group and 2/35 (5.7%) patients in the EVD+IVF group. Baseline GCS is the GCS on admission; baseline Graeb score is the Graeb score on admission; alteplase is the number of 1 mg/mL alteplase doses; first-day closed ICP was defined as the ICP measured while the cerebrospinal fluid drainage system was closed for at least 15 min on the first day after assignment (a patient could have up to 8 closed ICPs measured per day; in this study, we randomly selected only one from all closed ICPs for each patient); initial ICH volume is ICH volume on admission. CI, confidence interval; GCS, Glasgow Coma Scale; HR, hazard ratio; ICH, intracerebral haemorrhage; ICP, intracranial pressure.
Discussion
Our prospective cohort study demonstrated that combining EVD with IVF improved the 30-and 90-day mortality rates in IVH patients with AOH (Table 2) . A considerable number of studies have assessed the effect of combined EVD with IVF treatment for IVH compared to treatment with EVD alone or EVD plus intraventricular saline in a large patient cohort at various time points. Almost all of the eligible studies were included in three meta-analyses, in which combined EVD with IVF for IVH treatment was reported to be safe, reduce mortality, and potentially lead to an increased number of good functional outcomes. Our findings were in line with the results of these meta-analyses in terms of mortality [13] [14] [15] . In addition, the results from our study showed that the number of 1 mg/ mL alteplase doses was significantly associated with mortality ( Table 3 ). The recently published CLEAR III trial also showed a significant relationship between clot removal (depending on the number and location of extraventricular drains and the number of alteplase doses) and both mRS score ≤3 and case fatality [4] . Thus, our finding was in line with the results of the CLEAR III trial regarding a significant relationship between the number of alteplase doses and mortality. Our study also showed that "discharged to die" decisions within the first 3 days of care were only made in the EVD group (Table 2) , in which almost all patients were in grave condition or dying. The differences in these decisions between the two groups mirrored the fact that patients surviving the initial days after IVH onset had a higher chance to be selected for IVF. However, our further results showed that 94.3% (33/35) of the patients in the EVD+IVF group were assigned immediately before receiving fibrinolysis and within 36 h of ictus (online suppl. Table A2 ). Therefore, survivor bias in our study, although possible, is less likely to significantly impact mortality, as suggested by the lower mortality in the EVD+IVF group among patients surviving at least 2 days from admission.
Further analyses showed that our secondary outcome measure, which was a 30-day good functional outcome (mRS score 0-3), was significantly higher in the EVD+IVF group than in the EVD group (Table 2) . Our findings seem to be in line with the results of a recently published meta-analysis, which showed that combined EVD with IVF treatment potentially led to an increased number of good functional outcomes [15] . Although no difference was observed in the 90-day good functional outcome (mRS score 0-3) between the two groups ( Table 2) , there was a trend for a higher rate of 90-day good functional outcome (mRS score 0-3) in the EVD+IVF group. However, EVD+IVF also increased the risk for patients to be alive with a severe disability (mRS score 4-5) (Fig. 4 ; online suppl. Table A14 ). These findings were in line with the results of the CLEAR III trial in terms of functional outcomes [4] . In addition, examination of the relationship between the change in the Graeb score and the functional outcome (30-day mRS score) revealed that less IVH clot removal might result in poorer functional outcome (online suppl. Table A20) , and the ventricular blood was removed faster in the EVD+IVF group than in the EVD group (Fig. 3) . Therefore, these findings could explain why the outcomes of our study were better than those of the CLEAR III trial in terms of good functional outcomes. However, our findings also revealed that 51.4 and 32.3% of patients with good functional outcomes, as defined by a GOS score of 3-5, in the EVD and EVD+IVF groups, respectively, had a severe disability (GOS score = 3, i.e., the patient depends upon others for daily support due to mental or physical disability or both) on day 90 (online suppl. Table A16 ). Therefore, a GOS score of 3-5 may overestimate the number of patients with a good functional outcome, while an mRS score of 0-3 may yield a more conservative estimate [15] .
All patients in our study underwent EVD before assignment, but the EVD duration was significantly shorter in the EVD group than that in the EVD+IVF group (Table 2) . However, no significant difference in EVD duration was found among the patients who survived at 30 days between the two groups ( Table 2 ). This result could be explained by the fact that the 10-day case fatality was higher in the EVD group than in the EVD+IVF group (Fig. 2) . Table 2 shows that the proportion of patients with chronic hydrocephalus was significantly lower in the EVD group than in the EVD+IVF group. This result could be biased: the 30-day CT/MRI scan was performed less frequently in the EVD group (Table 2) , which could have underestimated the rate of hydrocephalus in this group. However, it is also possible that IVF increased the risk of chronic hydrocephalus. It has been suggested that IVF increases the release of blood products in the CSF, thus increasing the inflammatory process in the arachnoid and fibrosis of the arachnoid granulation. However, in the CLEAR III trial, the rate of ventriculoperitoneal shunt insertion was similar among the two groups [4] .
In our study, the complications were distributed evenly across treatment groups (Table 2). However, the proportion of patients with non-neurological infections was higher in our study than in the CLEAR III trial [4] , which could be explained in part by the high burden of hospital-acquired infections in hospitals in Vietnam [16, 17] .
Limitations of the Study
This study has several limitations. The primary limitation when assessing any treatment effect from a non-randomized study is the risk of confounding by indication (i.e., the choice to treat with fibrinolysis was tied to the final outcomes in a non-causal manner) and survivor bias (i.e., patients surviving the initial days after ICH had more time to be selected for IVF, causing a spurious association of IVF with survival) [18] . Moreover, our sample size was too small to draw conclusions dealing with functional outcomes. Another limitation was related to the availability and accessibility of rehabilitation services in Vietnam [19] [20] [21] , which could have significantly impacted the long-term outcomes of our patients.
Conclusions
In our study, IVF with alteplase was associated with lower mortality in patients with severe IVH requiring EVD. IVF also allowed faster removal of ventricular clots and improved the chance of having a good functional outcome at 1 month. However, there was no benefit regarding long-term functional outcomes.
